Abstract. Acetylcholinesterase of intact red blood cell membranes and the acetylcholine receptor at the neuromuscular junction of whole-frog sartorius muscle have been irreversibly inactivated by photo-affinity labeling with two quaternary ammonium aryl azides. The inactivation requires that the azides, at the time of their photolytic conversion to highly reactive nitrenes, are reversibly bound to the specific acetylcholine-binding sites.
The method of affinity labeling'-' is in widespread use for the attachment of covalent labels at the active sites of protein molecules. The usual affinitylabeling reagent has the structure R-X, where R is the portion of the molecule that binds specifically and reversibly to the active site under study, and X is a chemically reactive group, such as diazonium or haloacyl. Westheimer and his colleagues4-7 pioneered in the use of photolyzable reagents in site-labeling reactions. In photo-affinity labeling, a reagent R-P is used, where P is a group that is ordinarily unreactive, but which can be converted by photolysis to an exceedingly reactive intermediate P*. Those molecules of R-P that are reversibly bound to the active sites react instantaneously upon conversion to R-P* before they can dissociate from the site.
The reagents used by Westheimer and his colleagues were diazoacyl compounds. Recently, Fleet, Porter, and Knowles8 made an important advance by introducing the use of aryl azides as photo-affinity labeling reagents; these authors discuss the several reasons why these reagents are likely to be significantly more useful than the diazoacyl derivatives. Aryl azides are stable compounds in the absence of light, and are photolyzed to highly reactive nitrenes (Eq. 1) which can exist in either singlet or triplet states: hv R-Ns --R-N: + N2
(1) Fleet et al. have used a particular aryl azide to photo-affinity label specific antibody molecules. In this paper we report the photo-affinity labeling, with specific aryl azides, of two different kinds of acetylcholine-binding sites on intact membranes, the active site of the enzyme acetylcholinesterase on red blood cell membranes, and the acetylcholine receptor site at the neuromuscular junction of the frog sartorius muscle. 1688 Methods. Two aryl azides were used in these experiments, HK-68 (Ia) and HK-83 (Ib). Their synthesis and those of other compounds used in this study will be reported in detail elsewhere. The aryl azides were crystallized from ethanol-acetone as their tetrafluoborate salts. The melting points of the recrystallized salts were: 1350C (decomposition) for HK-68, and 109-110'C (decomposition) for HK-83. The structures were verified by their nuclear magnetic resonance (nmr) and IR spectra. (1)II Results. Acetylcholinesterase: One of the virtues of photo-affinity labeling reagents is that, because of their unreactivity before photolysis, their reversible binding affinity for the active site can be measured. The inhibition constants for combinations of acetylcholinesterase and the aryl azides, HK-68 and HK-83, and various active site protectors, are given in the first column of Table 2 .
The irreversible inactivation of acetylcholinesterase by photolysis of the reagents HK-68 and HK-83, as well as by the action of two conventional diazonium affinity labeling reagents, is demonstrated in Table 1 . In the absence of photolysis, HK-68 and HK-83 could be completely removed from the enzyme by washing with buffer, as judged by the recovery of 100% of the enzyme activity. Red cell membranes subjected to the photolytic conditions used in the absence of the aryl azides showed no loss of activity. Solutions of HK-68 and HK-83, which were subjected to photolysis and then added immediately to the membranes, produced no irreversible loss of activity; this shows that the irreversible inactivation produced in the experiments recorded in Table 1 cannot be due to long-lived photolysis products of the aryl azides. The specificity of the irreversible inactivation is demonstrated by the fact that various protectors of the active site of acetylcholinesterase inhibit the action of the photo-affinity labeling reagents (Table 2) . In these experiments, the reagents HK-68 and HK-83 were always present initially at a concentration of 1 X 10-5 M, but the concentration of the protector present was systematically varied. The degree of protection correlates well with the K1 value for the protector. The products of the photolysis of the aryl azides themselves served as protectors of the active site (Table 2) .
Acetylcholine receptor: Neither HK-68 nor HK-83 produced any depolarization of the muscle membrane without photolysis, but both behaved as reversible antagonists to carbamylcholine depolarization. K, for the binding of HK-83 to the receptor was found to be 2 X 10-4 M, estimated from its effect on the dose-response curve for carbamylcholine.15 Photolysis of the muscle bathed in solutions of different concentrations of HK-68 or HK-83 for 15 min caused irreversible losses of receptor activity (Fig. 1) . The two compounds were about equally effective. The concentration of HK-83 that produced a 50% irreversible loss ofreceptor activity was similar to the K, for HK-83 as a reversible antagonist.
The decrease in the extent of irreversible loss of receptor activity observed with large concentrations of aryl azides (Fig. 1 ) might have been due to a competition by the photolysis products for the receptor sites, leading to a displacement of some of the aryl azide that was not yet photolyzed from the sites. The photolytic conditions themselves (in the absence of the aryl azides), and the products of the separate photolysis of the aryl azides, had no effect on the response of the receptors to carbamylcholine. The irreversible loss of receptor activity upon photolysis was inhibited by protectors of the receptor site. An example of such a protection experiment is shown in Fig. 2 Fig. 2A ). Upon addition of carbamylcholine to the muscle depolarization of the endplates occurred; the potential difference followed the time course shown, starting from an initial value Po (set equal to zero) and reaching a plateau value, Pi,, in about 80-120 sec. For the unprotected sample (A) Pi for curve ®~is about 58% of Pi for curve Q, whereas for the protected sample (B), P1 for curve © is about 91% of P1 for curve (D.
a frog was treated with 2.5 X 10-4 M HK-6S (unprotected), the other with 2.5 X 10O4 HK-68 in the presence of 1 X 1O-5 M d-tubocurarine (K, = 2 X 1O-1 M) (protected). Both muscles were irradiated and then rinsed thoroughly in Ringer's solution. The protected muscle retained 91% of its carbamylcholine response, the unprotected muscle only 58%. Acetylcholine at 1 X 1O-5 M (in the presence of 10-4 M neostigmaine to' inhibit acetylcholinesterase activity) similarly protected the receptor sites against photolytic inactivation by HK-68.
Discussion. The acetyicholinesterase of red blood cell membranes1"," and of the electroplax of the electric eel,'8 and the acetylcholine receptor of the electroplax'9,20 have previously been labeled by conventional affinity-labeling reagents. Here we report the photo-affinity labeling of the acetylcholinesterase of the red blood cell and the acetylcholine receptor of the intact-frog sartorius muscle using specific aryl azides. In the absence of photolysis, the aryl azides were reversibly bound to both types of acetylcholine binding sites, but upon photolysis both types of sites were irreversibly inactivated. The photolysis conditions themselves and the products of separate photolysis of the azides did not produce inactivation. The photoinactivation was substantially reduced or eliminated in the presence of low concentrations of specific protectors of the enzyme and of the receptor active sites. These experiments establish that the irreversible inactivation was indeed produced by the predicted mechanism: that is, by the conversion of the reversibly-bound azide to a highly reactive photolytic intermediate which rapidly reacted with groups within (or close to) the specific binding sites onl the enzyme and the receptor molecules.
At concentrations of 1 X 10-6 M, the aryl azides produced upon photolysis a substantial irreversible loss of the acetylcholinesterase activity, but two conventional diazonium affinity labeling agents (which were effective at higher concentrations) did not produce inactivation (Table 1) .
It is worth noting that in the case of the frog sartorius acetylcholine receptor, the intact muscle was used, and despite the presence of overlying tissue, the receptors were largely inactivated. This may in part be attributed to the relatively low light absorption of the tissue at wavelengths near 324 nm, an absorption maximum of the two nitro-substituted aryl azides.
The acetylcholinesterase and the acetylcholine receptor studied in these experiments are examples of a large and important class of biochemicallyactive macromolecules which are bound to membranes. In general any one such macromolecule, and any one active site, comprise only a very small fraction of the total protein in a membrane preparation. Affinity labeling, by providing the means to tag these macromolecules specifically while the membrane is still intact, may be very useful in the identification and ultimate isolation of such macromolecules.2' For this purpose, however, the specificity of the labeling reaction, that is, the ratio of the amount of label that is covalently attached in the specific active site to the amount of label attached everywhere else on the membrane, must be very large. Among its other virtues, including its capacity to label any of several amino acid residues by insertion reactions,',8 photo-affinity labeling has the potential of much more specific labeling than does the more conventional type of affinity labeling because of the very short half-life of the species, R-P*. Most of those molecules of R-P which are bound noncovalently to the active site at the instant of conversion to R-P* will react irreversibly before dissociating from the site, thereby specifically labeling the site. On the other hand, in favorable cases, those molecules of R-P not bound to the active site at the instant of conversion to R-P* will react rapidly with the great excess of surrounding solvent molecules rather than with the protein. In principle, therefore, the labeling can approach absolute specificity, and be essentially independent of the association constant for the reversible binding of R-P to the active site as long as the sites are saturated. By contrast, with conventional affinity labeling reagents of the type R-X, nonspecific modification of the protein must accompany the specific labeling of the active site.' While the specificity of labeling can be high, especially if the association constant for the reversible binding of R-X to the active site is great, it is nevertheless limited. ' Furthermore, if in special cases the reaction of R-P* with water is slow, and nonspecific reaction of R-P* with the protein occurs, it may be possible to reduce the extent of nonspecific labeling by the addition of "scavengers" to the solution containing the protein and R-P. These compounds, if suitably chosen, would not affect the extent of the specific reaction of R-P* in the active site, but would compete with the protein for reaction with those molecules of R-P* generated in the free solution. On the other hand, scavengers have no effect on the specificity of labeling with conventional affinity labeling reagents R-X,' 2' since the rates of both the specific and nonspecific reactions are equally affected.
These and other aspects of photo-affinity labeling will be explored with radio-active forms of the aryl azides HK-68 and HK-83, which are currently being synthesized.
Our results also indicate that binding sites of similar specificities in the same membrane preparation, as for example, the acetylcholinesterase and acetylcholine receptor sites on excitable membranes, may be photo-affinity labeled by the same reagents. In order to differentially label one or another of such similar sites21 several recourses are possible: (1) advantage can be taken of differences in the reversible binding affinities of the different sites for a particular R-P in order to saturate one site and not another; (2) protectors of different affinities for the several sites may be employed; and (3) particular sites may first be irreversibly inactivated, and hence rendered incapable of being photo-affinity labeled; e.g., the active site of acetylcholinesterase can first be inactivated by quasi-substrates22 which may allow the acetylcholine receptor to be preferentially photoaffinity labeled. Morphologically localized inactivation, produced by the use of micro-beams of light, may also be useful in photo-affinity labeling of specific receptor sites, as well as in other experiments of physiological interest. 
